Abstract-Microbially catalyzed cleavage of the imadazole ring of caffeine was observed in stream sediments collected upstream and downstream of municipal wastewater treatment plants (WWTP) in three geographically separate stream systems. Microbial demethylation of the N-methyl component of cotinine and its metabolic precursor, nicotine, also was observed in these sediments. These findings indicate that stream sediment microorganisms are able to substantially alter the chemical structure and thus the analytical signatures of these candidate waste indicator compounds. The potential for in situ biotransformation must be considered if these compounds are employed as markers to identify the sources and track the fate of wastewater compounds in surface-water systems.
INTRODUCTION
Suitable tracers for the biological and chemical components of wastewater effluent are needed to identify the sources and track the fates of wastewater compounds in surface-water systems [1, 2] . Effective surrogate compounds reflect the source and magnitude of contamination and are readily detectable under surface-water conditions [1] . Thus, chemical indicators of human contamination ideally would have the following characteristics: readily detected at environmentally relevant concentrations using currently available methods; incompletely removed during wastewater treatment plant (WWTP) treatment; produced by or passed through humans before entering the waste stream; and behave in the environment in a manner representative of other important effluent-derived contaminants [1] [2] [3] [4] .
Caffeine and cotinine are perhaps the two most commonly proposed indicators of human-derived waste in surface-and groundwater systems [1, 5, 6] . Caffeine is arguably the most widely consumed nonprescription, human drug in the world [1] . Even though caffeine occurs in more than 60 plant species, the natural range of these species is primarily tropical. Thus, detection of caffeine in the surface-water systems of the northern hemisphere is largely attributable to the discharge of human waste ( [1] [2] [3] 7, 8] ; http://pubs.usgs.gov/circ/circ1133/). Nicotine is also a plant-derived drug in common use worldwide, but the presence of nicotine in North American surfacewater systems cannot be exclusively attributed to human waste discharge due to ongoing cultivation and processing of nicotine-containing (primarily tobacco) products in this region. Cotinine, on the other hand, is a by-product of nicotine metabolism in the liver. Consequently, detection of cotinine in surface-water environments is a compelling indication of human waste impacts. Caffeine and cotinine are essentially ubiquitous * To whom correspondence may be addressed (pbradley@usgs.gov).
in WWTP effluent in the United States [2] and are detectable in surface waters at nanogram per liter concentrations using existing analytical methods [3, 9] . Both compounds have high aqueous solubilities and, consequently, tend to track the movement of water rather than partitioning into the sediment phase.
The utilization of caffeine and cotinine as indicators of human waste impacts in surface-water systems, however, requires a fundamental understanding of their fates in this environment. Little is known about the potential for biotransformation of caffeine and cotinine in wastewater-impacted streams, but the fact that both chemicals derive from natural flora suggests a potential for biotransformation in these systems. This expectation is consistent with the reported elimination of 81 to 99.9% of caffeine in Swiss WWTP and the apparent, nonconservative behavior of caffeine in some Swiss lake systems [1] . However, caffeine has also been reported to persist in soil [10] . This environmental variability emphasizes the need for environment-specific assessment of the degradation character of the proposed indicator compounds.
The purpose of this study was to assess the potential impact of in situ biotransformation on the proposed use of caffeine and cotinine as indicators of human waste impacts in streams. A series of microcosm studies were prepared with 14 C-substrates and samples from three, effluent-impacted streams in order to assess the relative efficiency of caffeine biotransformation in sediments under oxic and anoxic conditions; the potential for significant biotransformation of caffeine in the water column; the impact of sediment location (relative to WWTP outfall) on the efficiency of caffeine biotransformation; and the potential for biotransformation of cotinine and its metabolic precursor, nicotine, in sediment.
MATERIALS AND METHODS

Chemicals
The potential for in situ biotransformation of caffeine was investigated using an aqueous solution of [8- Ci/mol; Moravek Biochemicals, Brea, CA, USA). The radiolabeled carbon of [8] [9] [10] [11] [12] [13] [14] C] caffeine is located in the imadazole ring of the purine skeleton (Fig. 1) 14 C-substrates were evaluated in the laboratory by direct injection, radiometric detection (RD), high-performance liquid chromatography (HPLC) and direct injection, radiometric detection gas chromatography (GC) and found to be greater than 99% pure. H 14 CO 3 Ϫ (Sigma Biochemicals, St. Louis, MO, USA) and 14 CH 4 (New England Nuclear, Boston, MA, USA) were used as radiolabeled standards for calibration and methods development. Both had radiochemical purities Ͼ98%.
Study sites
The ability of stream microorganisms to transform [8-14 C] caffeine, L-[N-methyl- 14 C] cotinine, and DL-[N-methyl- 14 C] nicotine was examined in sediments collected from two locations at each of three effluent-dominated streams (Table 1) . Surface water and sediments, consisting of fine-grain sands, were collected from Fourmile Creek near Ankeny, Iowa, USA, at locations approximately 30 m upstream and 30 m downstream of the Ankeny WWTP outfall. The Fourmile Creek system is described in detail elsewhere [11] . Water and sediments, consisting of coarse sands and gravels, were collected from Boulder Creek near Boulder, Colorado, USA, from locations approximately 200 m upstream and 20 m downstream of the Boulder 75th Street WWTP outfall. The Boulder Creek system has been described in detail earlier [12] . South Platte River water and streambed sediments consisting of coarse sands and gravels were collected from locations approximately 100 m upstream and 100 m downstream of the Metro Wastewater Reclamation District outfall near Denver, Colorado, USA. The South Platte River system has been described elsewhere [13] .
Microcosm studies
Experimental bed sediment microcosms were prepared in quadruplicate as described previously [14, 15] and were composed of 10-ml serum vials with 5 ml of saturated sediment and an atmosphere of air (oxic treatments) or nitrogen (anoxic treatments). Triplicate control microcosms were prepared as described for each sediment and sample location and autoclaved three times for 1 h. To assess the effects of sediment oxygen condition on caffeine biotransformation, sediment microcosm treatments were prepared using material collected upstream of the WWTP outfall in each system. To assess the effects of WWTP effluent on substrate biotransformation, sediment microcosm treatments were prepared for all three test substrates using material collected from upstream and downstream of the WWTP outfall in each system. To compare differences in caffeine biotransformation between the bed sediments and the overlying water column, sediment and wateronly microcosm treatments were prepared for each system. Quadruplicate experimental and triplicate control water microcosms were prepared as for the sediments but with 5 ml of unfiltered surface water collected only at the upstream sediment sample locations. All microcosms were amended with approximately 0.027 Ci of [8- 
Analytical methods
Headspace concentrations of CH 4 , 14 CH 4 , CO 2 , and 14 CO 2 were monitored by analyzing 0.5 ml of headspace using GC/ RD combined with thermal conductivity detection. Compound separation was achieved by isocratic (80ЊC), packed-column (300 cm of 13ϫ molecular sieve) gas chromatography using were monitored throughout the study using GC with thermal conductivity detection.
RESULTS AND DISCUSSION
This investigation focused on the ability of indigenous microorganisms to alter the chemical structures and, thus, the analytical signatures of caffeine and cotinine, in order to assess the potential impact of biotransformation processes on the use of these compounds as indicators of human waste discharges in surface-water systems. Because current methods for identification and detection of emerging wastewater contaminants at nanogram per liter concentrations are based on mass spectral analyses, the 14 C-substrates used in this study were single labeled compounds selected to monitor microbial transformations of the chemical structure that may affect contaminant detection in the environment rather than uniformly 14 C-labeled compounds appropriate for assessing complete contaminant degradation. With respect to [8] [9] [10] [11] [12] [13] [14] C] caffeine, the 14 C-radiolabel was located in the imadazole ring of the purine skeleton of the caffeine molecule (Fig. 1) . Thus, significant recovery of 14 C-radioactivity as 14 (Fig. 1) . Mineralization of the 14 C-radiolabel of L-[N-methyl- 14 C] cotinine or DL-[N-methyl- 14 C] nicotine indicated demethylation and a potential for transformation that may hamper detection in the environment but did not necessarily indicate significant degradation of the molecule. The products of biotransformation were not assessed in this study. In all cases, the recovery of 14 CO 2 and 14 CH 4 observed in experimental treatments was attributed to biological activity, because no significant recovery of 14 C-radiolabel as 14 CO 2 or 14 CH 4 was observed in control microcosms regardless of the 14 C-substrate.
Biotransformation of [8-14 C] caffeine in oxic and anoxic sediments
The impact of oxic and anoxic sediment conditions on the microbial transformation of [8] [9] [10] [11] [12] [13] [14] C] caffeine was assessed in sediments collected upstream of the WWTP outfall in each stream (Fig. 2) . Upstream sediments were selected in order to evaluate the caffeine degradation potential of stream sediment microbial communities that were not under the immediate influence of wastewater discharge. Because all three stream systems were in or near urban centers, however, human waste impacts existed even at the upstream sample locations.
For all three systems, substantial recovery of 14 C-radioactivity as 14 CO 2 was observed within 2 d of incubation under oxic conditions (Fig. 2) . The Fourmile Creek sediments demonstrated the lowest initial rate of recovery of Platte River sediments demonstrated a mean recovery of 14 CO 2 greater than 90% of theoretical within 48 h of incubation under oxic conditions. In all cases, the recovery of 14 C-radioactivity as 14 CO 2 was greater than 95% of theoretical within 32 d. These results demonstrate that a substantial potential for oxic biotransformation of caffeine exists in stream sediments.
Significant biotransformation of caffeine also was observed in these sediments under anoxic conditions (Fig. 2) . The sediments from all three streams were characterized by methanogenic activity, when incubated under anoxic conditions. Even under these reducing conditions, significant recovery of [ The efficiency of caffeine biotransformation was substantially lower under anoxic conditions than under oxic conditions (Fig. 2) . The initial linear rate of 14 CO 2 production was 85 to 98% lower in anoxic sediment microcosms than in the corCaffeine, cotinine, and nicotine biodegradation in streams responding oxic treatments. This observation indicated that the rate of caffeine biotransformation is sensitive to in situ redox conditions. The results of this study suggest that factors affecting the oxygen status of surface-water systems will significantly impact the persistence of caffeine in these environments. The potential for microbial caffeine transformation under anoxic redox conditions other than methanogenesis was not assessed in this study, but merits investigation. Changes in water-column, caffeine concentrations downstream of the respective WWTP outfalls were assessed previously in the Fourmile Creek and Boulder Creek systems using a Lagrangian sampling approach [12] . Water-column, caffeine concentrations were observed to decrease with increasing distance downstream from the WWTP outfalls and exhibited apparent half-lives of approximately 23 and 5 h in Fourmile Creek and Boulder Creek, respectively ( Table 1 ). The biodegradation of caffeine observed in the current investigation under oxic and anoxic conditions is consistent with those in situ observations and suggests that degradation of caffeine by indigenous microorganisms contributes to the downstream decay in water-column, caffeine concentrations observed in the Fourmile Creek and Boulder Creek systems.
Biotransformation of [8-14 C] caffeine in the water column
In general, the experimental approach focused on the biotransformation potential of the streambed sediments, because the purpose of the study was to qualitatively assess the possible impact of biotransformation on the in situ fate of the contaminants and because the per volume biotransformation activity was expected to be greater in the sediments than in the water column. Microbial transformations occurring during infiltration and recirculation of surface water through coarse bed sediments of the type found in all three test streams are a significant determinant of the chemistry of the overlying water column [13] . Infiltration and recirculation of surface water through coarse-grained bed sediments is particularly important immediately downstream of WWTP outfalls in stream systems where WWTP discharge is a substantial contributor to downstream flow (Table 1) and, consequently, a principal determinant of hydraulic heads [13] . In light of the high aqueous solubility of caffeine and its potential use as an indicator of water-borne contamination, however, a limited assessment of the potential for biotransformation of caffeine in the water column was conducted using surface water collected upstream of the respective WWTP outfalls.
Biotransformation of [8] [9] [10] [11] [12] [13] [14] C] caffeine in the water column was observed in this study, but the efficiency of transformation varied considerably between systems (Fig. 3) . In South Platte River water treatments, the recovery of 14 CO 2 was 80 Ϯ 2% of theoretical in 26 d and 100% of theoretical within 46 d of incubation. In contrast, the 3 Ϯ 2% of theoretical final recovery of 14 CO 2 observed in Fourmile Creek water microcosms was just above the radiochemical purity limit of 2% of theoretical for the [8] [9] [10] [11] [12] [13] [14] C] caffeine stock (Fig. 3) . No significant recovery of 14 CO 2 was observed in Boulder Creek water (Fig. 3) . The apparent differences in caffeine biodegradation potential between surface-water systems may derive from differences in prior exposure to wastewater compounds. No major WWTP discharges exist in the Fourmile Creek or Boulder Creek systems upstream of the Ankeny WWTP and Boulder 75th Street WWTP outfalls, respectively. Waste effluents are estimated to contribute less than 1% of the flow upstream of the Ankeny and Boulder 75th Street WWTP outfalls. In contrast, the Metro Wastewater Reclamation District outfall is located downstream of a number of WWTP outfalls and greater than 50% of the flow in the South Platte River upstream of the Metro Wastewater Reclamation District outfall is effluent derived. Thus, the substantial potential for caffeine biodegradation observed in microcosms containing South Platte River water may be attributable to prior exposure and a resultant acclimation of the indigenous microbial community.
Even in the South Platte River water microcosms, however, the initial linear rate of 14 CO 2 recovery in surface-water microcosms was less than 10% of that observed in corresponding microcosms prepared with an equivalent volume of streambed sediments. Thus, these results indicate that biotransformation of caffeine in the water column can be appreciable in some systems but may not be an important caffeine attenuation mechanism in all surface waters. In light of the considerable variability in the apparent rate of [8] [9] [10] [11] [12] [13] [14] C] caffeine biotransformation in different surface-water systems, factors affecting caffeine biotransformation in the water column merit further investigation. [8] [9] [10] [11] [12] [13] [14] 
Impact of WWTP effluent on biotransformation of
C] caffeine
The discharge of WWTP effluent in surface-water systems has the potential to affect the in situ biotransformation of caffeine in a number of ways. Potential positive effects of waste discharge on in situ biotransformation of [8] [9] [10] [11] [12] [13] [14] C] caffeine in- clude increased efficiency of caffeine degradation by indigenous microorganisms induced by ongoing exposure to effluentassociated compounds and introduction of effluent-associated microbial populations capable of efficient degradation of wastewater-specific compounds. Potential negative impacts of waste discharge on caffeine biotransformation include noncompetitive inhibition of microbial transformation due to the introduction of biological inhibitors (biocides, antibiotics, toxic metals, etc.) present in the waste stream; competitive inhibition of contaminant degradation due to the introduction of preferential carbon substrates associated with effluent discharge; and depressed biotranformation due to competitive depletion of efficient terminal electron acceptors such as oxygen and a concomitant shift toward redox conditions less conducive to the biodegradation of complex molecules.
Preliminary insight into the effect of prolonged exposure to WWTP effluent on the potential for caffeine biotransformation was provided by a single time-point comparison of the recovery of [8- (Fig. 4) . These results demonstrate that the microbial communities associated with stream sediments have a significant potential for biotransformation of cotinine and its metabolic precursor, nicotine. Moreover, these results confirm the results obtained with [8] [9] [10] [11] [12] [13] [14] C] caffeine and indicate that prolonged exposure to WWTP effluent can negatively impact the potential for biotransformation of wastewater contaminants in surface-water sediments.
Implications for use as human waste indicators
The results of this investigation demonstrated that the microbial communities indigenous to stream sediments can catalyze substantial transformation of the candidate human waste indicators, caffeine and cotinine, and thereby alter or remove the analytical signatures of these compounds in the environment. Thus, while detection of caffeine and cotinine in surface waters provides compelling evidence of an upstream discharge of human waste, the absence of such indicator compounds is less easily interpreted. Consequently, the potential for in situ biotransformation must be considered if these compounds are employed as tracers to identify the sources and track the fates of wastewater compounds in surface-water systems.
